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Abstract

The flux of molecules emitted by a spacecraft and subsequently reflected to its
surface is investigated. The reflection occurs upon collision of the outgassed molecules
with ambient molecules. Evaluation of the flux is based on a knowledge of the space-
craft outgassing rate, the spacecraft dimensions, and the orbit parameters. Condensation|
rates and adsorption layers on critical surfaces are calculated from the knowledge of
this flux and the nature and temperature of the gas and the surface. Based on estimated
and measured emission rates, calculation of the above parameters is performed for a
number of spacecraft.

The relationships and graphs developed allow an estimate of several important
parameters for an orbiting spacecraft'to be made. The pressures and densities at various
distances from the spacecraft, as produced by the surrounding ambient molecules and
by the spacecraft’s own outgassing, are presented. The pressure and density produced
by the outgassing can be obtained as a function of time if the behavior of the outgassing
with time is known, The number of desorbed molecules ionized by impact with am-
bient charged particles and the effect of the spacecraft’s electric field on polarized de-
sorbed molecules are considered.
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SELF-CONTAMINATION AND ENVIRONMENT
OF AN ORBITING SPACECRAFT

by
John J. Scialdone
Goddard Space Flight Center

INTRODUCTION

The environment surrounding an orbiting spacecraft is dictated by the ambient constituents at
that altitude and by the particulate and gaseous emission of the spacecraft. The ambient constituents
vary according to time (hour, day, sun rotation period, season, year, sunspot cycle); location (altitude,
latitude, longitude); solar activity (ultraviolet radiation, X-rays, solar plasma, magnetic storms); and
processes (diffusion, heat transfer, mass transport, dissociation, photo-ionization). The U.S. Standard
Atmosphere (Reference 1) is the best available reference and has been used here for data on molecular
pressure, concentration, and mean free path for the various altitudes.

Particulate and gaseous emission from the spacecraft may be either periodic or continuous. Peri-
odic contributions consist of waste dumping and thrustor firings for spacecraft attitude and orbit
changes; continuous contributions are provided by the leakage or the diffusion through walls of gaseous
materials in sealed compartments or by vacuum desorption of materials.

The ambient constituents form in two regions around the spacecraft: the condensation region
and the rarefaction region. The condensation region forms in front of a moving spacecraft as a result
of the impingement of neutral ambient particles (molecules and atoms) against its frontal surface.
After collision, these particles (which have a thermal velocity much less than the spacecraft velocity)
are reflected and form a stagnation zone ahead of the spacecraft. The result is a zone with increased
particle concentration. In addition to these reflected particles, this zone contains nonreflected ambi-
ent particles and the contribution of particles originating from the spacecraft itself. The last of these
will be of greatest concern in the discussions on contamination of the spacecraft surfaces.

The rarefaction region, caused by the spacecraft’s sweeping of the ambient particles, forms at the
rear of the spacecraft. The length of the region increases with increasing velocity of the spacecraft.
The concentration of particles is not dependent on the interaction of the ambient molecules with the
spacecraft surface. The region consists mainly of electrons with a velocity much higher than the
spacecraft and, hence, which are not affected by its motion. Molecules from spacecraft outgassing
and emission will be present in this region; however, since they have velocity vectors directed away



from the spacecraft velocity vector and will be left behind, they are of no concern unless they are
directed against some spacecraft protuberance.

As a result of collision with charged particles, and because of surface emission caused by solar
irradiation, a spacecraft will also acquire an electric potential. A brief discussion of this subject and
an investigation on the effect of a given potential on an electrically polarized molecule is given in the
appendix. It is concluded that its effect on the trajectory and velocity of outgassed molecules is not

significant.

In the following, the outgassing of materials in vacuum as a function of time and temperature
and the main effluents of that outgassing are reviewed. The concentration of molecules around the
spacecraft is determined under the assumption that the molecules from the spacecraft surface do not,
by and large, collide with each other. On the contrary, it is assumed that their density distribution
around the spacecraft is governed by their collision with ambient molecules. The same calculations
are made for the ambient molecules reflected by the spacecraft. Similarly, the fraction of desorbed
molecules, which upon collision with ambient molecules lose part of their energy and are reacquired
by the oncoming spacecraft, has been estimated. This “‘returning flux” is used, together with other
parameters of gas-surface interaction, to establish the probable degree of contamination on the space-
craft surface. Condensation rates, gas adsorption, column mass densities, molecular densities sur-
rounding the spacecraft, and other parameters are calculated for a number of spacecraft for which
outgassing rates have been reported in the literature. Also, the same parameters are calculated for
spacecraft whose outgassing during the first hour of vacuum exposure has been estimated.

CONTAMINATION SOURCES—OUTGASSING

The gases emitted by a spacecraft originate from several sources: material outgassing, leaks from
sealed compartments, thrustor firing, and waste dumpings.

Gas leaks from sealed compartments are dictated by the size, path, and configuration of the leak
passages and by the pressures in the compartment. Gas emission may last until the gases in the com-
partment are depleted. Thrustor firings and waste dumpings are controllable in quantity and length
of time and are of periodic nature.

Material outgassing, which could be the prime source of contaminant for a scientific satellite, con-
sists of (1) gases evolved from the desorption of gases physically or chemically adsorbed on the mate-
rial surface, (2) the evaporation and decomposition of gases in solution in the material, and (3) the
evaporation or sublimation of the material itself.

The direct evaporation or sublimation of material is a phase change by which a solid or liquid
loses material to the gaseous phase. It occurs when the net partial pressure of the evaporant gas above
the evaporating surface is less than the equilibrium vapor pressure of the material. (When the oppo-
site conditions exist, condensation of the gas occurs.) The equilibrium saturated vapor pressure of
the material, which dictates the rate of evaporation, increases exponentially with temperature. Its
expression and others for the calculation of phase changes are given in the discussion of contaminant
condensation. The rate of evaporation in vacuum of a material at a given temperature is constant and



continues until alt of the liquid or solid changes to gas. In space applications, the use of materials
that may easily evaporate or sublime is avoided, except perhaps in some special applications where
the evaporation of the material is intentionally used for a function.

Outgassing of materials in a vacuum has been studied extensively, and theoretical and experi-
mental outgassing rates have been reported in the literature. Several explanations of the outgassing
mechanisms have been given; but, in general, material outgassing can be characterized by the following:

(1) Outgassing depends on the nature of the material; for a given material it is a function of the
surface and of the atmospheric composition to which the material was exposed prior to its exposure
to vacuum.

(2) Outgassing is proportional to the surface area and increases rapidly with the temperature. It
decreases slowly with time and apparently never becomes zero at ambient temperature.

(3) At sufficiently low pressures, the outgassing rate is independent of the pressure, i.e., the
number of molecules expelled by the surface per unit time does not depend on the pressure above
the outgassing surface. This behavior has not been established with complete certainty, but it is valid
as a first approximation.

The time dependence of the outgassing is related to the nature of the gas evolved (Reference 2).
It may decrease exponentially with time (%), with the square root of the time (¢71/2), or, in many
cases, simply directly with time (¢71). The exponential dependence results from first-order surface
desorption; the square-root dependence results from diffusive process. (Both laws are derivable from
analytical investigation of the processes involved.) In practice, however, it has been found that these
dependences with time do not hold in many cases. Metals outgas according to the #~1]aw during the
first few days; the products consist mainly of H, O, H,, CO, CO,, and O,. Degassing of glasses
follows the t~1/2 l]aw; the products consist mainly of H,O and CO,. Elastomers release gases by diffu-
sion process, so the outgassing follows the r~1/2 law; the products are often CO, CO,, H,, and H,O.
Depending on the thickness of the outgassing materials, permeation may also be present. In this case,
the gases adsorbed on the surface enter the material; and because of concentration gradients, they
move in the material and emerge on the side of low pressure. The permeation rate reaches a steady
state and becomes constant with time. Gaseous hydrogen has the highest permeation through metals,
and helium has the highest for glasses. Elastomers, which are not too selective, allow most gases to
pass.

All outgassing processes increase rapidly with temperature. As a rule, a 10-percent change in
absolute temperature produces a tenfold increase in outgassing (Reference 3).

Outgassing rates for several materials have been obtained and are reported in the literature (Ref-
erences 2 and 4), either in tabular forms or graphically. The rates versus time are at ambient tempera-
ture and are expressed as air equivalent. Qualitative data obtained from accelerated tests to deter-
mine acceptability of materials for space applications are also available* (Reference 5).

*Fisher, A., and Mermelstein, B., “Outgassing Studies on Some Polymer Systems for GSFC Cognizant Spacecraft,” NASA-GSFC
Document X-735-70-73, February 1970.



Methods that can be used for establishing outgassing of a system are the conductance method,
the pressure-rise method, and loss-of-weight method. With the conductance method, one can calcu-
late the outgassing by employing the relation for the flow, @ = APS. From the pumping speed of the
system, S, and the pressures obtained in the pumping system with and without the outgassing mate-
rial, the outgassing O can be calculated. With the method of pressure rise, one isolates the pumping
system containing the material and obtains the rate of pressure increase. The outgassing is obtained
from Vdp/dt = Q, comparing the outgassing for the chamber with and without the outgassing mate-
rial. The determination of the weight lost by the material exposed to vacuum is less reliable and
more difficult to perform.

Another laborious method for estimating the outgassing of a spacecraft is to add all the calcu-
lated outgassings of each surface and component of the spacecraft. This requires an estimate of the
surface areas and a knowledge of the outgassing rate for each component. In all cases, the nature of
the outgassing must be obtained by mass spectrometry or other physical or chemical analyses.

The outgassing Q is commonly expressed in torr-liters per second (torr-1/s), where
1 torr-1/s = 0.133 N-m/s .

To express this rate in terms of molecules per unit time N, one uses the gas law relation

Q=PV=NKT (N-ms1) (1)
so that
N=Q/KT (molecules-s~1) , 2)

where K = 1.38 X 10723 J-K~1 = 1.04 X 10~22 torr-1-K~! is Boltzmann’s constant and 7 is the tem-
perature in kelvins. To express the rate in terms of mass per unit time, m, one uses

m = MN/A = OM/KTA (gs71) (3)

where M is the molecular weight and 4 is Avogadro’s number.

CHARACTERISTICS OF THE GAS AROUND AN ORBITING SPACECRAFT

The flow past an orbiting spacecraft is of the free molecular nature since the mean free paths of
the molecules at orbiting altitudes are larger than the spacecraft dimensions. The molecules move
independently of each other, and there are no aerodynamic effects (such as boundary layers) in the
immediate vicinity of the spacecraft. A kinetic theory that considers the medium as an aggregate of
individual particles must be used to describe their behavior.

Mean free path can be defined as the mean distance a molecule must travel before it encounters
another molecule. It is a function of the number of molecules per unit volume and of the diameter
of the molecules. For an orbiting spacecraft, one can distinguish three mean free paths: the mean
free path of the ambient molecules, Ay, the mean free path of the molecules desorbed by the space-
craft, A, , and the mean free path of the ambient molecules which recoil from the spacecraft upon
collision with it, Az . The ambient mean free path A, increases with altitude; its value for various
altitudes as given in Reference 1 is shown in Figure 1. A discussion of the other two follows.
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Figure 1—Mean free paths vs. altitude. Assume the average velocity of the reflected parti-
cles to be one-third of the orbital velocity (vg = v4/3)and the mean thermal veloc-
ity of the desorbed molecules v, to be 4 X 10% cms™1.

Desorbed Molecules

The molecules emitted by the spacecraft travel a mean distance Ay before colliding with ambient
molecules. According to Reference 6, this distance is less than A because the spacecraft moves into
the wake of the outgoing molecules. Mirtov (Reference 6) calls this distance the “relative mean free
path” and defines it as

)\D =K)\0 , (4)

where K depends on the spacecraft velocity vy, the velocity of the desorbed molecule v, and the
angle ¢ between the vectors vy and v, . He states that K can be adequately approximated by

K= cos? W+ ——L2 — sin2 ¥ )
vo +Vp g +v3)* ’
where the angle ¥ is given by
492
tan2 ¥ = m (6)
Accordingly, for the extreme conditions of ¢ = 0 and ¢ = #/2, the values of K are
__'p
O vy v,



and

°D | %

K . =—2
w/2 .
/2 Z
VD + VO

For near-earth orbits, vp <v,. Hence, the two expressions practically coincide, and for simplicity,
K, can be used in the calculations. This expression meets the conditions for a stationary spacecraft
(i.e., vy =0): Ky =1, and the mean free path of the desorbed molecules, Ay, is equal to Ag. The
relative mean free path for ¢ = O is then

Ap=—2 1, )
vg tvp

which is plotted in Figure 1. The value for the orbital velocity was obtained from

v =\/§ Voo = 7.9\/§ . kms1) ©)

where g, is the acceleration of gravity, r, is the radius of the earth, and r is the radius of the orbit
from the center of the earth. The velocity of the desorbed molecules was taken as an average of the
mean thermal velocity of molecules with molecular weights of 32 to 48 and temperatures of 250 to

300 K:
\ISKT 4 X104 -1 (10)
vp S\ [— = cm-s
D M

Therefore, for the values of v, experienced in near space, the relative free path is approximately 1/20
of the ambient mean free path.

Reflected Particles

In addition to the molecules desorbed from the spacecraft, ambient molecules that recoil upon
collision with the spacecraft must be considered. According to Reference 3, these molecules are H,
0, 0,, and N, at temperatures varying from 900 K at night to 1600 K during the day. They have the
following average velocities (in km-s~1 at 1500 K): 6.1 for H, 1.15 for N,, 1.08 for O,, 1.5 for O,
and 1.6 for N. According to the same reference, these particles reflect diffusely from the spacecraft
with an average departure velocity ¥, = 1/3 vy. Consequently, their relative mean free paths, for the
relation in Equation 8 and assuming reflection parallel to satellite motion, is given approximately by

v,

Ap = L— g =1/4 A 11
R V,+vg 0 / 0 an

This value of A as a function of altitude is shown in Figure 1.

The magnitude of the average speed of the reflected particles can be related to incident velocity
V; and the surface wall temperature T, through the accommodation coefficient o:
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where T; is the temperature of the incident molecule. The meaning of the coefficient «; will be dis-
cussed in some detail later when we seek to determine the adsorption of the returned molecules on
the spacecraft surface. The velocity of the reflected molecules enters into the calculation of the
parameters of the so-called cloud surrounding the spacecraft and relates to the ability of these parti-
cles to ionize the ambient molecules with which they collide. The values of the parameters obtained
using the above value for the velocity will be compared with those from another method; they are
found to be in good agreement.

DENSITY OF THE MOLECULES LEAVING THE SPACECRAFT

Assuming that the density of the molecules originating from a spherical spacecraft is such that
the majority of the molecules do not collide with each other, and assuming that the trajectory is
straight until the collision with ambient molecules, one can reason as follows (Reference 6):

The density n in a spherical shell of thickness d at radial distance x from a spacecraft of radius R
is
N. N, d
n=—2p=—2_— (12)
| 4 Vv
where N, is the number of molecules per unit time entering the shell at x, ¢ is the time required by the
molecules to cross distance d at velocity v, , and V= 4n(R + x)2d is the approximate volume of the
shell. If N, (molecules-s™1) is the number of original molecules coming from the surface, then ac-
cording to the “survival relation,” the number of molecules reaching radial distance x is given by

N, =N e*/* | (13)

where A is the mean free path of the ambient gas and is independent of the angle ¢ and distance x.
With this substitution in Equation 12, the density n becomes

NDe"‘ﬁ‘
4m(R +x)2v,,

(14)

At the surface of the spacecraft (i.e., x = 0), the density of the molecules leaving the spacecraft
is
Np
e _p = ————mm 15
x=0 4mR2v,, (15

DENSITY OF MOLECULES LEAVING AND RETURNING TO THE SPACECRAFT

Molecules leaving the spacecraft with drift velocities equal to the vector sum of the spacecraft
and desorption velocities collide, at some distance from the spacecraft, with ambient molecules which
can be considered immobile. After collision, the drift velocity of these desorbed molecules is less
than the spacecraft velocity.



Desorbed molecules that collide in a shell of thickness Ax at distance x from the spacecraft sur-
face can be obtained as follows (Reference 6):

The number of molecules N, reaching distance x without suffering collision is governed by

N, =Npe */r (16)
The number reaching distance x + Ax is, from the same equation,
Nyyay = Npe *Ihe=ax/n 17)

The difference between these two values represents the number of desorbed molecules that have
collided with ambient molecules in the shell of volume 47(R + x)? Ax. This difference, for A > Ax, is

AN = Npe >/ (1 - e~ax/n)

N —x/?\
= % Ax . (18)

Dividing this expression by the shell area, 4m(R + x)2, one obtains the number of collisions
occurring at distance x in a volume having a unit area as its base and Ax as its thickness;i.e.,
Npe™/*  Ax
An=—"—m— — (19)
4m(R +x)2 A
In the projected volume in the direction of the spacecraft displacement, the molecules Az in
each Ax can be considered to be moving toward a stationary spacecraft at a velocity v,, equal to the
difference in velocity before and after collision. The total number of these molecules N” striking the
unit surface of the spacecraft is the sum of the molecules An originating at the various distances,
0 <x < oo, in front of the spacecraft;i.e.,

N d ~ Npex/h X/ d
"T), ar® 2N

Np
~ for A\>R . (20)
4nAR

At a distance g in front of the satellite, the number of returning molecules is

NDe x/A
II d}’l— 7
Ar(R + x)? A

N, 0“”/"
= . 20
47\ (R +a)
Since the flux per unit area is #"v, = N", the apparent density n" is given by
N' N 1
Mem =l (22)
v, 4wy, R



The integration in Equation 20 was made for the molecules that suffer collision in front of the space-
craft along the axis of motion and in a unit cross-section column. Scattering has been disregarded
under the assumption that molecules scattered out of the column are replaced by molecules scattered
in from other columns. In view of this, it is felt that a large error has not been introduced in this
calculation.

Comparing Equations 15 and 22, the ratio of the molecules returned to those that left is

Py=0 A Yy .

EFFECT OF ELECTRIC POTENTIAL

Thus far, the discussions have been based on the behavior of neutral particles. It may happen
that when the spacecraft acquires an electric potential sufficient to create an appreciable electro-
static field, some molecules may become electrically polarized or become ionized if they experience
a collision with high-energy particles. In these cases, the gas kinetic equation must include the effect
of electric and magnetic forces. Some of the parameters that affect the potential will only be men-
tioned here; more detailed treatment is given in the appendix and in References 7 through 11.*
Briefly, it can be stated that the electrostatic force will not significantly disturb the motion of the
molecules.

The potential of a metallic body in a plasma is determined by the balance of electric currents
produced by collision with charged particles and by emission, through surface irradiation, of electrons.
The general expression is

t
¢>(t)=—l*/ = Idt +¢(0) (24)
¢ 0

where C is the capacitance of the metallic body (the spacecraft) and / represents the various currents
(e.g., currents produced by absorption of plasma electrons, by absorption of electrons as the space-
craft passes through radiation belts, and so forth).

At altitudes above the ionosphere, the photoelectron current dominates, and although it can be
quite substantial, the negative charge that forms around the spacecraft acts as a shield against further
electron loss, preventing further increase of positive potential. At altitudes corresponding to the radi-
ation belts, the current produced by radiation electrons is appreciably larger than that produced by
protons; it even exceeds the photoelectron current, and the spacecraft may acquire a negative poten-
tial. In the ionosphere, the currents produced by the absorption of plasma electrons I, and by plasma
ions I; are most intense. These may be approximated by

wR2 —~pge
=T eVelle €XP

1

e

, (25)

*Also see Whipple, C. E., “The Equilibrium Electric Potential of a Body in the Upper Atmospherc and in Interplanetary Space,”
NASA-GSFC Document X-615-65-296, June 1965.



where R is the spacecraft radius; e, the charge of electron; v, the mean electron velocity; n,, the
electron concentration; and ¢, the existing spacecraft potential; and

Ii = nszonie 5 (26)

where v, is the spacecraft velocity and #; is the ambient ion concentration. The negative potential
obtained by equating these two currents is a few volts.

The general equation of current balance has been solved for the values of n;, T, v, and so forth,
that are possible in the upper atmosphere and in interplanetary space. A potential of about -20 V can
be obtained for a 65-cm-radius spacecraft if 7=~ 103 to 104 K and n; = 103 cm™3. Withn; = 105 cm™3,
the same spacecraft would have a potential of =5 to -3 V.

The force F exerted on a molecule (with dipole moment M) at a distance r from a sphere of
radius a and surface potential Vj is

2Vsa

For a water molecule (M = 6 X 10-28 C-cm) located on the surface of a sphere of radius 0.5 m and
surface potential 10 V, the force is

2X 10
(50)?

=48 X 1078 N,

F=(6X10"2%8)

The corresponding escape velocity is 1.26 X 107! m-s~! | neglecting that part of the energy used to
rotate the molecule. Compared with the thermal velocity of water at 273 K (5.5 X 102 m-s™1), this
value leads one to conclude that the molecule will be affected very little by the field and that calcula-
tions disregarding its effect can be considered acceptable.

APPLICATION

The above equations permit calculations of several parameters describing the environment suzr-
rounding the spacecraft. With the appropriate value for A and v, we can calculate the concentrations,
pressures, and fluxes at various distances from an orbiting spacecraft, provided we have the ambient
parameters and a knowledge of the molecules desorbed by the spacecraft. As will be shown, we will
also be able to calculate the optical thickness of the environment.

Desorbed Molecules—Condensation Region

The concentration of the molecules uniformly outgassed from the surface of a spherical
spacecraft at a distance x from this surface is given by Equation 14. Inserting the value of
A=Xp = [vp [(vg +vp)INg, we get

10
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vp tvg X
N, exp(— DV : T)
D D 0 -
= o lecules-cm™3). 2
np pr— R+ x)? (molecules-cm™>) (28)
Since P = nKT, this can be also considered an equivalent pressure:
vy +
expl- D70 %
Np KT Yp Ng
p = —B 29)
4nvp (R +x)

Parametric plots of these equations are shown in Figure 2. The value of v, , the thermal velocity

of the desorbed molecules, has been held constant at 4 X 104 cm-s™1. The orbiting velocity v, and
the ambient mean free path A, are functions of altitude. Knowing N, expressed in any form as indi-
cated by Equations 1, 2, and 3, we can read the pressure and concentration as a function of the dis-
tance, altitude, and size of the spacecraft. Figure 2 shows that at low altitude, the density resulting
from outgassing products drops quite rapidly at a distance of about 10 cm from the spacecraft. At

high altitudes, the drop is very gradual, becoming an order of magnitude lower at about 2 to 3 m
from the surface.

Equation 28 can be transformed to flux;i.e.,

_ [ T rnrin ! | N | I Illlilll L T 17717
DENSITY npy (cm—3)
Lo-9|-R=50cm | | PRESSURE Py (tor, (N-m~2) B
_____ OUTGASSING Q (torr -1-s—1),(N-m-s—1)
o~ 5\'\-\ OUTGASSING Np (s—1)
| 10 A<
10 ~_
g R:].OO m\‘\. \'A
© T
‘:D‘Zc:lO‘“ "R=200 cm ™[\ \
a
Z 10712
D_Q'O’
13 h=100
10
10—14; i1 1 gl AR ©od_t 1 .14l N oL
1 10 100 1000 10 000

DISTANCE FROM SATELLITE SURFACE {cm)

Figure 2—Pressure and density produced by outgassing vs. distance from the spacecraft surface.

11



vp tvy X
Np exp[-2—2 =
— ° p( Yp )\0) -2 -1
¢p = 4R -i-;c)2 (molecules-cm™%-s71) | 30

since ¢ =npvp.
Reflected Molecules—Condensation Region

The number of ambient molecules reflected by the spacecraft is N = A vyn,, where 4 = 7R2 is
the spacecraft cross section, v is the orbital velocity, and ng is the ambient, neutral particle concen-
tration. Accounting for the fact that the molecules are propagated only in the front hemisphere (Ref-
erence 6) and that A =Xz = 1/4 Ay (Equation 11) and vp =v, = 1/3 v,, the concentrations and the

pressures are given by Equation 14 as
ng Pp 3R

where a = x/R.

At the spacecraft surface, x = 0 and ng /np = P /Py = 3/2. In these equations, P is the undis-
turbed ambient pressure. The density and pressure ratios have been plotted in Figure 3. The density
and pressure ratio has been shown as a function of distance x/R for different altitudes and spacecraft
radii (0.5, 1.0, and 2.0 m). At low altitudes, the np contribution becomes about 0.17, within 0.5R
distance from the spacecraft. At altitudes greater than 200 km, the contribution is not too sensitive
to the radius, and it decays slowly with distance; it is about 0.1n, at about 2R. Because of the assump-
tions made in the calculation of this contribution, we have sought assurance from another source.
Reference 7, using a different method and accounting for diffuse reflection, calculates the following

total concentrations at the various distances:

Distance Total Concentration
(a=x/R) (n/ng)

0.1 2.5

0.2 2.0

1.0 1.5

3.0 1.1

Since the total concentration is the sum of the ambient and the reflected concentration (i.e.,
n/ng =1 +ng /ng), the present calculation compares favorably with that of Reference 7.
Returning Molecules—Condensation Region

Equation 22 indicates the concentration of outgassed molecules that have collided with the am-
bient molecules and returned to the spacecraft. Substituting the value of A =Xy, = [vp /(v +vy)] A,

it reduces to

12
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(s-em™3),

(32)

where N, (molecules-s™ 1y can be expressed in terms of mass per second. Using Equation 22, we may
also estimate this concentration or pressure as a function of the concentration and pressure of the

molecules leaving; i.e.,
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R(22 +1)»
I’l" P" VD D
—_— ==L 7 (33)

np Pp AoV,

The equivalent equation for the ratio of flux can also be written. The flux of returning molecules is

N, (1 + VO)
{1 +2
¢"=n"v, =—\ "p/ (molecules-cm™2-s71), (34)

4R7Ag
which, divided by ¢, (Equation 30) taken for x = 0 (i.e., ¢, = Np /4mR?) gives the ratio of the flux
of molecules returning to the surface to that leaving the surface:

kd =5<v—°+1>. (35)

In order that we may compute Equations 32 and 33, it is necessary to estimate the velocity of the
returning molecules, v,,. According to Reference 6, in an elastic collision with an environmental
molecule which can be considered immobile, the molecule escaping the spacecraft surface loses, on
the average, half of its velocity and, in inelastic collision, even more. Because of this, the molecule
either lags behind the satellite or, if collision occurs close to the satellite and the molecule has time to
reach the front surface, settles on it. From this, and the fact that the escaping absolute velocity is

vy +vp, one can estimate the velocity v, to be about 1/2 v. Figure 4 is a plot of Equation 32 using
this value for v,. It indicates that the returning pressure or density resulting from a known outgassing
decreases quite rapidly with altitude and becomes approximately constant at altitudes of 1000 km or
more. Also, the concentration is higher for smaller spacecraft diameters.

Figure 5 is a plot of Equation 33, again using v,, = 1/2 v;,. As expected, the density ratio at the
surface decreases rapidly with altitude, reaching a practically constant value at 1000 km or more, and
increases with the radius.

Figure 4 shows also the flux of the returning molecules as a function of the altitude and space-
craft radius. Knowing the outgassing value (Np, Q), we can determine this flux, which under appro-
priate conditions can be the source of contamination. Again, it is very much a function of altitude,
becoming practically constant and apparently small at altitudes greater than 1000 km. Also, large
spacecraft have a smaller return flux than smaller ones.

Figure 5 is also a plot of Equation 35; the flux is given as a function of the outgoing flux.

Figure 6 shows the flux of returning molecules versus distances from the satellite as a fraction of
the total returning flux at the surface. This was obtained by taking the ratio of Equations 21 and 20

N R
Za - e~a/x (36)

which is valid also for density and flux ratios. It can be seen that the flux versus distance diminishes
more rapidly for smaller radius satellites than for larger ones, and more rapidly at lower altitudes

14
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Figure 6—Returning molecules, flux ratio vs. distance from the surface.

than at higher ones. At 2 to 3 radii away, the returning flux is an order of magnitude lower than the
flux at the satellite surface.

Light Scattering—Optical Thickness

Optical observation from a spacecraft may be affected by photon scattering from the molecule
cloud, particulate matter, or surface contamination on optical elements. This may be especially
severe when observing dim light sources. The brightness of material surrounding a spacecraft [which
has often been reported by astronauts (Reference 2)] is produced by light scattering. This is depend-
ent on the mass column density Mg, and the mass scattering function (molecular absorption cross
section) o, for the particular molecules of the column and the radiation wavelength.

Mass column density Mg can be determined by integrating Equation 14 from zero to infinity.
In fact, this equation, using 7 (g-s™1 ) = N, M/A for the outgassing, gives (for A > R)

m = emx/A
MS = dX
4mv,, J, R+ x)?

m 1 ( -2 (37
— -cm™4).
4mv,, R & )

~
=

This is the same expression Reference 13 obtains using a different method. The product Mo provides
an explicit expression for the optical thickness of the molecular debris surrounding a spacecraft.
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RAREFACTION REGION

As mentioned previously, a rarefaction region is created behind a moving spacecraft by the
sweeping action of the vehicle. The length of this region increases with increasing spacecraft velocity
vy and is approximately (Reference 7)

v
d~R-2,
Y

where v =4/2KT/M is the probable thermal velocity of the ambient molecules. Reference 7, assuming
a Maxwellian velocity distribution of the ambient molecules, arrives at the following exponential
function for the density along the axis of motion and behind the spacecraft:

o Sen () )
— =exp|- =1 |
ng P 2KT \x
This expression gives the following density ratios for a vehicle moving at vy= 8 km-s~! in ambient
molecules moving at v = 1 km-s™1.

Distance Density
(x/R) (n/ng)
5 0.1
10 0.5
15 0.75
25 0.9

CONTAMINATION DUE TO RETURNING FLUX

The flux of returning molecules may impinge on surfaces or openings which may or may not be
outgassing. In the case of outgassing surfaces, the net outgassing of the surface is reduced. For non-
outgassing surfaces, molecular layers will accumulate. The accumulation may take the form of mate-
rial condensation or simply the adsorption of a number of molecules or monolayers on the surface.
Either of the two formations may be detrimental to the operation of instrument or experiment pack-
ages. Both phenomena will be considered.

Surface Adsorption of the Contaminant

If the pressure exerted by the contaminant gas on the surface is less than the saturation vapor
pressure of the same contaminant on the surface, a few monolayers or a fraction of one may form as
an adsorbate. This is a surface phenomenon where molecules are held on the surface by forces of
physical nature. An equilibrium between molecules arriving and leaving the surface is established
when

0 =597, (39)
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where ¢ is the number of adsorbed molecules per unit area, ¢ is the flux of impinging molecules, 1y is
the sticking coefficient, and 7 is the average time a molecule resides on the surface. The sticking
coefficient, which accounts for the fraction of the number of impinging molecules that is retained on
the surface, varies with gas species, temperature of the surface and molecule, and surface coverage; it
is indirectly related to the accommodation coefficient for heat transfer, which in terms of energy and

temperature is (References 2 and 14)

E-E T-T,
o = £ = £ for T, >T,, (40)
E-E, T,-T,

where the subscript s stands for surface, g stands for gas, and no subscript stands for the reflected gas
molecule. For most gas/solid combinations, 0.1 <+ < 1.0 (Reference 2). Figure 7, taken from
Reference 15, shows « for various gases on platinum and on a few other materials as a function of
the gas temperature. The figure is a compilation of experimental results obtained by various authors.
The general feature of these curves, besides the dependence on temperature, is that light atoms and
molecules tend to have lower values of o . The sticking coefficient appears to show the same general
features; it declines when monolayer coverage is approached.

The average time a molecule stays on the surface before it evaporates (residence time) may be
estimated by

7= 17y exp(Q/RT) , 41

where 7, is the period of oscillation of the adsorbed molecule perpendicular to the surface. It is re-
lated to the lattice vibration of the solid surface and has a value of 10712 to 10714 5. The term T is
the absolute temperature of the surface, Q is the heat of adsorption of the gas, and R is the gas con-
stant. The heat of adsorption is controlled by the molecular weight, molecular shape, and details of
the surface. Water vapor has a theoretical energy of physical adsorption near its latent heat of vapor-
ization (10.7 X 103 cal/mole). Some experimental results have indicated the value to be between

10 X 103 and 15 X 103 cal/mole (Reference 16). Table 1 gives the residence times 7 calculated for
7o = 10713 s and various temperatures and heats of adsorption. A single value is also reported for

H, N, light organic materials, and pump oils at room temperature. In conclusion, for this type of sur-
face phenomenon, the number of molecules per unit surface area which may be adsorbed on a space-
craft surface is given by Equation 39, with the substitution of Equation 34 for the flux and Equa-

tion 41 for 7, i.e.,
v
y

o= -—47—11?)\04 7o exp(Q/RT) (molecules-cm™2) . 42)

The relation shows that the molecular coverage (1) is a direct function of the outgassing NVp, ; (2) de-
creases with increasing spacecraft radius and altitude; and (3) decreases with the surface temperature
and increases with the heat of adsorption, both of these in an exponential fashion.
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Table 1—Residence time of molecules on a surface [7 = 10713 exp(Q/RT) (in seconds)] for various temperatures and heats of

adsorption.
Temperature T
Heat of X)
Adsorption Q Notes*
(cal/mole) 73 173 253 273 293 373 773
(-200° C) (-100° C) (-20° C) 0° C) (20° C) (100° C) (500° C)
100 19X10713 | 14x10713 | 12X 10713 | 12X 10713 | 12X 10713 | 1.2X 10713
1.0X 10712 Hydrogen
1500 22X 1079 1.5X 10711 | 19X 10712 | 16X 10712 | 12X 10712 1X 10712
3500 1.2% 1077 163X 1078 | 10x10710 | 63X 10711 4% 10711 | 24X 10711 1x 10712
4000 3.5X 1073 1.0X 1077 | 28X 10710 | 16X 10710 1X 10710 | 55%x 10711 | 15x 10712
10 000 73X 1013 2.7% 101 4% 1075 | 10X 1075 3X1076 | 72X 1077 7X 10711 | H,O: minimum
heat of
adsorption
15 000 1.7X 1072 H,0: maximum
heat of
adsorption
20 000 53 X 1044 73 X 1015 1X 104 10X 103 1X102 5 5 X 1078
30 000 8 X 1012 1.0X 1011 4% 10° 43X 107 4X 1075
40 000 3.6 X 1021 1.0X 1019 1 X 1017 | 2.6 X 1014 3X 1072

*From Reference 16: Pump oilsatv = 104 cms™ s

1

Light-organic substance at » = 10% cm-s™!, 7 = 10%s.
Nitrogenat » =5 X 10* cm-s™1, 7=10710g,

7=10% s (but questionable for these large molecules).
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Contaminant Condensation

For condensation to occur, the partial pressure of the contaminant P’ (Equation 32) must be
higher than the saturated vapor pressure P, of the contaminant corresponding to the temperature 7
of the surface. The saturation pressure is given by the Clapeyron relation, log P, = A - B/T,, where
A and B are constants for each gas. The rate of condensation is then given by the difference between
the impinging flux (in our case ¢") and the evaporation flux ¢, dictated by the saturation pressure
P ie.,

¢I!

Ps TII
= "y -=+ /=1, 43
«¢ (1 P'\T > “3)

s

v=a@’ - 9)=av’(1-%)

where « is the coefficient of condensation relating the temperatures of the gas and condensed phases.
If
)
L E <,
P T

s

occurring when P is an order of magnitude or more lower than P”, we can disregard the evaporation
part, and the condensation rate is simply
v
aNy, (1 +—0->
_\ Vp/

molecules-cm™2-s71). 44
47R A (molecu ). 44

v=o¢" =
The coefficient « is generally taken as unity in this case. We conclude that the rate of gas molecule
accumulation decreases with altitude and size of spacecraft and is a direct function of the outgassing.

NUMERICAL CALCULATIONS

Application of the equations allows us to calculate the pressure, density, and the mean free path
of the gas ahead of the moving spacecraft. Further, a knowledge of the spacecraft outgassing permits
us to estimate the adsorption isotherm, the mass column density, and the rate at which outgassing
contaminants impinge on the spacecraft surface. These calculations have been carried for a number of
spacecraft, and the results are shown in Tables 2 and 3. The selection of these spacecraft for analysis
was dictated merely by the availability of outgassing data. Reference 12 reports experimental data on
the gas leakage of the Gemini 3, Gemini 11, Apollo, and ATM in addition to the altitude and equiva-
lent radius of each spacecraft. For the others, outgassing was estimated from available space-chamber
thermal-vacuum test data not intended for the evaluation of this parameter. The estimation was per-
formed using the method of conductance, which consists of the comparison of the pumpdown curves
of the chamber with and without the spacecraft, and the use of the chamber pumping speed for a
particular gas. The results of these calculations indicate order of magnitude for the outgassing and are
not fully representative of their outgassing. In fact, they do not inciude the effects of solar paddles
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Table 2—Satellite parameters.

Parameter

Satellite Altitude & (I;I::ct;il Pressure Mean Free Outgassing (Given/Calculated) Molecular | Temper-

Satellite Radius R . P, Path A, o . Mass M ature T
E (km) tration n,) ) 0 ) (cm)o 1] m N ® )

(cm) (cm™3) (torr (torr-ks™H) s (moleculess™1) J
Gemini 3 200 160 5,24 x 1010 4.13x 1076 25% 103 43x10° | 42x 1073 1.42x 1020 18 293
Gemini 2 200 300 1.72 x 102 1.95x 1077 1x 105 | 143x 10! 14x 1072 | 4.74x 1020 18 293
Apollo 200 300 1.72 % 109 1.95x 1077 1x 105 | 3.06 x 10! 3x1072 1.01 x 1021 18 293
ATM 300 400 348 x 108 398 % 1078 1x 106 | 1.02x 102 1x 107} 3.3 % 102} 18 293
IMP 2 ~50 200 1.5% 10!0 1.35 % 1076 8 x 103 2x 100 2% 1073 6.6 x 1019 18 293
ISIS 1 ~55 575 4x 107 4% 107° 1x 107 9x 1071 9x 1074 3x 1019 18 293
|
Nimbus (FWS) | ~70 1100 9.45 x 105 1.08 x 10710 1x10°° 89x1073 | 89x 107% 2.8 x 1017 18 293
Source given given Ref. 1 Ref. 1 Ref, 1 Eq: ! Eq: 3 Eq.. 2 assumed given
or given or given or given
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Table 3—Calculation.

Parameter
Mean Free Molecular Concentration Pressure Flux Time to Mass
Path (cm) (em™3) (torr) Reverse (em™ 257y Adsoption o Condensation Form a Cotumn
Satellite Pressure P" (mf-z) Rate v Monolayer* Density
Desorbed Reflected Reflected Desorbed Reverse Reflected Desorbed (torm) Desorbed Reverse (cm_z-s_l) t M_‘
Ap Ar ng np n” Pr Pp ¢p 0 © (gm-cm™2)
Gemini 3 ~1,0x 102 6% 102 | 795% 1010 | 7.1x10% |~49x 108 | 622x 107 | 2.15x 1077 | ~1.5x 1078 2.83x 1014 ~1.96 x 1014 | ~1.96 x 1010 | 1.96x 10'4 | 2.68 2% 10712
Gemini 2 5% 103 [35x10% | 26x10° |283x10'® | 1.13x 108 | 294x 1077 [ 8.65% 1077 | 345 x 1070 113 x 108 4.5x 1013 4.5 % 10° 45x 1013 | 116 6.9 x 10712
Apollo 5% 103 |35%x 10 | 2.6x10° 6x10'0 | 29x 108 | 294x 1077 | 1.84x 1077 | 6.12x 107 24 x 1015 9.6x 1013 9.6 x 10° 9.6x 1013 | 55 14x 10711
ATM 45x% 10° 3% 105 |5.25 x 108 2.3x 10!t | 1.71x 108 6x 1078 | 7.14%x 1076 | 532x 1079 9.25 x 101$ 5.5x 1013 5.5 10° 5.5%x 1013 | 96 3.2x 1071
IMP 2 4% 102 2x 103 | 2.25% 10'0 | 526% 1010 | 6.6x 108 | 2.03x 1076 1.6x 1076 2x 1078 2.1x 108 2.3x 1014 23x 1010 23x 1014 | 228 3.9% 10712
ISIS 1 5.5% 105 4% 106 6x 107 24 %1010 | 1.55x 105 6x 1070 72x%x 1077 | 466 x 10713 9.7 x 104 5.8 x 1010 5.8 X 108 5.8x 1010 [ 915x 10% | 1.6x 10712
Nimbus 65%x107 | 4x108 | 14x10% [1.68x 108 1L6x 10" | 1.62x 10710 | 53x 1072 | 53x 10716 | 6.75x 102 1.68 x 107 1.68 x 103 P'<P 3.12x 1047 | 13x 10744
Equation Eq.8 Eq. 11 Eq.31 Eq. 28 Egs 32,33 Eg. 31 Eq. 29 Eqs 32,33 Eq. 30 Eqs 34,35 . )
of curve Fig. 1 Fig. 1 Fig. 3 Fig. 2 Figs 4.5 Fig. 3 Fig. 2 Figs 4.5 Fig. 5 Fig. 4 Eq. 42 Eq. 43 Eq.37

*A monolayer ofHZO, 5.27 x 10!% molecules-cm™2,




(IMP B). The Nimbus outgassing includes only a fraction of the total. The amount used for the cal-
culation was obtained analytically for the filter wedge spectrometer experiment package.* The inclu-
sion of this is of interest because of the recent investigation on the causes of “icing” of the detector
of this experiment and because of the questions raised during this investigation about possible exter-
nal source of contamination.®* The orbital altitudes used for the determination of the space param-
eters of the IMP and ISIS are those at the perigee. The equivalent radii of these spacecraft have been
estimated from their dimensions.

In addition to the above, the following assumptions have been made for the calculations:
(1) The spacecraft are represented by a sphere of given radius.

(2) The thermal energy of the outgassing moiecules is such that their average velocity is
0.4 km-s~!, corresponding to a temperature of about 293 K (20° C).

(3) The outgassing emanates uniformly from the sphere and in amounts such that the molecules,
in general, do not collide with each other. Their trajectories are straight until they collide with the
ambient molecules.

(4) The contamination results from the flux of ambient reflected molecules and not from direct
impingement of outgassed molecules.

(5) The sticking coefficient y for the adsorption is taken as unity. As indicated previously, this
coefficient varies between 0.1 and 1, but the choice of unity will yield conservative results for the
adsorption.

(6) Residence time 7 has been taken as 1074 s. This conservative choice is based on the facts
that (1) as indicated by Reference 16 and shown in Table 1, water vapor may have a heat of adsorp-
tion such that its residence time at 293 K (20° C) is 1.7 X 1072 s; (2) pump oils may have a value of
102 s at this temperature; and (3) light organic materials representative of some of the expected space-
craft outgassing materials (e.g., aliphatic hydrocarbons, aromatic esters, and silicone) have residence
times of 1074 s.

(7) The condensation rate coefficient « has been taken as unity (according to the discussion of
this topic).

(8) The condensation rate is not slowed by evaporation, i.e., it is assumed that Py <P".

(9) The velocity of the returning molecules v,, has been taken as one-half the spacecraft velocity
(= 4 km-s~1), for the reasons given under the discussion of this subject. This value is necessary for

the estimation of P”.

(10) The outgassing value of the GSFC satellites is that estimated to occur during the first hour
and for a spacecraft at ambient temperature. The value decreases with time according to one of the

*“Report of Findings of the Radiation Cooler Task Group”, NASA-GSFC T&E DIRS No. 02273-1-2-TR239032-215, Sept. 1970.
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laws discussed under “Contamination Sources—Qutgassing.” It is understood that for these space-
craft, the values obtained for contamination are for the first hour only. Values for later times can be
estimated by reducing the given values in direct proportion to the time elapsed. The outgassing for
Gemini, Apollo, and ATM are continuous and constant with time, as indicated in Reference 14.

Given in Table 3 are the numbers of the equations and figures used in conjunction with the
parameters of Table 2 to obtain the calculated values.

CONCLUSION AND SUMMARY

The contamination from the environment surrounding a spacecraft in orbit can be estimated if
the spacecraft outgassing rate is available from tests or calculations.

Outgassing depends on the quantity and nature of onboard materials, their temperatures, and
the duration of exposure to vacuum conditions.

In space, a part of the outgassing flux diffusing away from the spacecraft returns to the space-
craft. The returning amount varies from about 50 percent of the total outgassing at 160 to 170 km,
down to one-millionth or less of the total at 1000 km and higher. The decrease results from the less
frequent collision of the outgassed molecules with ambient molecules. The collision is dictated by
the desorbed molecules’ mean free path, which is less than that of the ambient molecules.

The returning outgassed flux may retard the complete outgassing of the surfaces, form adsorp-
tion monolayers on nonoutgassing surfaces, or condense at a given rate on a cold surface. It is esti-
mated that for normal surface temperatures and chemical natures of the outgassed molecules, the
number of molecules adsorbed on a clean surface is less than 1/100 of the flux of the returning mole-
cules (7 = 10~4 was used for calculations). This may amount to a few monolayers. The condensation
rate on a sufficiently cold surface is about the same of the returning molecule flux. Based on out-
gassing rates calculated by the author or given in the literature, contamination values and other
parameters have been calculated for a number of spacecraft. The following examples, taken from
those in Tables 2 and 3, indicate the magnitude of the contamination rates.

Gemini 3, outgassing at a constant rate of 4 X 1073 g-s~! while in a 160-km orbit, would be
exposed to a contaminant flux of about 1.9 X 1014 molecules-cm™2-s"1. Under noncondensing con-
ditions, this would produce an adsorption of 1.9 X 1010 molecules-cm™2 (i.e., less than a monolayer).

The ATM, with a constant outgassing rate of 0.1 g-s~! and at a 400-km altitude, would be ex-
posed to a return flux of 5.5 X 10!3 molecules-cm™2-s"!. The adsorption would be 5.5 X 109
molecules-cm™2.

IMP 2, with an estimated initial (first-hour) outgassing rate of 2 X 1073 g-s™1 and at the perigee
altitude of 200 km, would have a return flux and condensation rate of 2.3 X 104 and an adsorption
of 2.3 X 1010 molecules-cm™2.

In the process of establishing these fluxes, the environment around an orbiting spacecraft was
analyzed. The electric potential acquired by the spacecraft was also investigated, and it appears to
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have little effect on the molecular flow of the outgassed material. A brief description of the environ-
ment surrounding the spacecraft follows.

In the frontal region of the spacecraft—

(1) The mean free path of the molecules leaving the spacecraft is less than that of the ambient
molecules. For near-earth-orbit velocities and normal surface temperatures, the mean free path is
about one-twentieth of that of the ambient molecules.

(2) The density at the spacecraft surface is 2.5 to 3 times that of the environment. The drop of
these parameters with the distance from the spacecraft is less at higher than at lower altitudes. It is
also less for small satellites than for large ones. At altitudes greater than 200 km, the values of these
parameters approach those of the environment at about 2 spacecraft radii from its surface.

(3) At 2 m from the surface, the density or pressure produced by the outgassing becomes one-
tenth the value at the surface at 200 km or higher. At lower altitudes (=100 km), the same reduction
is produced within 10 cm from the surface.

(4) At the spacecraft surface, the ratio of the outgassed molecules returning to the spacecraft
to the total outgassed molecules varies from about 60 percent at 160 km to 1076 to 1077 at 1000 km.
Ninety percent of these returning molecules result from collisions with other molecules within 2 m
of the spacecraft. At higher altitudes, the same may occur within 3 m.

A rarefied region forms behind a moving spacecraft. Ambient conditions are reestablished at a
distance of about 25 times the spacecraft radius. Outgassed material emitted in this region should not

return to the spacecraft.

Goddard Space Flight Center
National Aeronautics and Space Administration
Greenbelt, Maryland, August 24, 1971
114-03-58-01-51
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APPENDIX

Electric Field Considerations

Calculations in text have been based on the behavior of neutral particles. It may happen that
when the spacecraft acquires an electric potential sufficient to create an appreciable electrostatic
field, some molecules may acquire electrical polarity or become ionized if they experience a collision
with high-energy particles. In these cases, the gas kinetic equation must include electric and magnetic
forces. The parameters that affect the spacecraft potential will be reviewed briefly (References 7
through 11), and it will be shown that the electrostatic force will not significantly disturb the motion
of the molecule.

The potential of a metallic spacecraft in a plasma is determined by the balance of the electric
currents produced by the collision with charged particles and by the emission, caused by surface
irradiation, of electrons. These currents are /,, the current produced by the absorption of plasma
electrons; 7,,,, the current produced by the absorption of electrons in passing through the radiation
belts; /,, the current produced by the plasma ions; Irp, the cuirent produced by protons; Iph, the
current of photoelectron emission caused by shortwave solar radiation; and 7, a secondary current

produced under bombardment of the spacecraft by high-energy particles. The potential is then
1 t
¢(t)=—/ zIdt+¢(0),
¢ Jo

where C is the capacitance of the spacecraft.

At altitudes above the ionosphere (i.e., > 1000 km), the Iph current is substantial. It is deter-
mined by the flux of photoelectrons per unit area yielded by the material under the solar radiant flux.:
The spacecraft then assumes a positive potential which increases with time; but the increase will be
slowed by the negative charges which form around the spacecraft. These charges will provide a shield
against further electron loss.

At altitudes corresponding to the radiation belts (i.e., between 0.5 and 3 earth radii), the cur-
rent /,, produced by the radiation electrons is appreciably larger than 7, , the current produced by
the protons, because in a plasma having equal number of electrons and protons, the flux of electrons
will be larger than that of the protons due to their different velocities. That is,

n 14

eVe >”p p
4 4

It is also true that n, > n,, in the radiation belts. Hence, /,,, can be neglected in comparison with J,,,
which will be quite large at the top of the radiation belts. In fact, there it will exceed the photoelec-
tron current, and the spacecraft may acquire a negative potential. The secondary emission current /

under the influence of 1,, tends to increase the potential.
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In the ionosphere (<1000 km), I; and I,,, produced by collision of the spacecraft with the am-
bient plasma, are most intense. The ion current can be approximated by

I;=7R2vyne ,

where n; is the ambient ion concentration, v is the velocity of the spacecraft, and R is its radius. The
electron current, which is dependent on the existing spacecraft potential, is approximated by

7TR2 _¢Oe
I, =5 €Velle €XP X7

where n, is the electron concentration and v, is the mean electron velocity. Assuming no photoelec-
tron or radiation particle current, a spacecraft passing through a plasma with n, = n; will acquire the
potential (Reference 8)

v
=— ln—-%&
%0 e n2v0

KT [2KT
~—In 3 >
e T,V

obtained by equating the two currents /, and ;. This is a negative potential, about 2 to 3 times
KTl/e, the thermal plasma potential (which, for T < 104 K, is a few volts).

The general equation of current balance has been solved graphically for values of »;, T, v, and so
forth, that are possible in the upper atmosphere and in interplanetary space. A potential of about
-20 V is obtained for a 65-cm-radius spacecraft if 7~ 103 to 10* K and #; = 10 cm™3. A potential
of =5 to -3 V results for the same conditions except for n; being set to 105 cm™3. Outside the radia-
tion belts, a spacecraft under illumination would acquire a potential between -=2.5 and +4 V. In addi-
tion to the above, the magnetic field, the radio-frequency field, and other minor effects must be con-
sidered. At high altitudes, the magnetic field is not important, because the Larmor radii of the parti-
cles at those altitudes exceed the spacecraft radius. At lower altitudes (<7000 km), where the Larmor
radii are less than or equal to the spacecraft radius, the electron current is reduced by one-half because
of the magnetic field, and the potential approaches zero.

lonized Desorbed Molecules

Some of the molecules desorbed by the spacecraft may be ionized by collision with high-energy
particles. References 6 and 7 indicate that a coefficient of ionization f = 1074 can be used to estab-
lish the fraction of desorbed molecules that may become so ionized. Therefore, the ionized fraction
of the flux may be

¢i=ﬁ¢"
1+20
_ Vp
=]04ND .
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For & = 1000 km, ¢" = 10712 N, as given by Figure 4. The ionized portion could be ¢; = 10716 N,
which should be quite small.

Escape Velocity of Polarized Molecules

The effect the electric field may have on a polarized molecule can be determined as follows. The
force on a polarized molecule in a nonuniform electric field is given by

F,=M-VE,

where M = gd is the dipole moment of the molecule and VE is the gradient of the field. The potential
at a distance r from a sphere of radius @ whose surface is at a potential V, is

V="Vyalr
The field corresponding to this potential is
_ AV Vgya
Ar r2
and its gradient is
AE 2V,a
VE=—=
Ar r3

Consequently, the maximum force exerted on the molecule is

2Vya

F=M 3

b

which, for a water molecule (M = 6 X 10728 C-cm) located at @ =r = 0.5 m, and a spacecraft surface
potential of 10 V, will give a force

2X 10
(50)2

=48 X 10728 N.

F,=(6X10%8) =4.8 X 10730 C-V-cm™!

The escape velocity, equating kinetic to potential energy, for m = 3 X 10726 kg (the mass of an H,O
molecule) is

_(2F.d\* _ (2X 4.8 X 10728 X 0.5\*
e\ m 3% 10°%
=1.26 X 107! ms71 .

The actual velocity is less than this because the energy is used in part to rotate the molecule. How-
ever, comparing this value with the thermal velocity of water (5.5 X 102 m-s~1 at 273 K), one con-
cludes that the molecule will be affected very little by the field and that calculations disregarding this
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effect are acceptable. It is interesting to note that observations aboard Pegasus II revealed slightly
curved trajectories of contaminants with velocities of the order of 1 m-s~!.*

*Grenda, R., Neste, S., and Soberman, R. K., “Contaminant Particle Trajectories Near a Spacecraft”, Space Research IX, North-
Holland Publishing Co., Amsterdam, 1969.
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